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Introduction
[2] At least 5 times in the last 35 years some coastal towns of the Adriatic Sea (the northernmost part of the Mediterranean, sandwiched between the Apennine and Balkan peninsulas; Figure 1 ), have been flooded and damaged by destructive tsunami-like waves of an atmospheric origin with periods of 10 to 20 min and wave-heights of 3 to 6 m [Vilibić and Šepić, 2009] . The phenomenon is not restricted to the Adriatic Sea. A number of other Mediterranean and worldwide locations have occasionally been hit by similar waves. The locations where the strongest waves occur include: the Balearic Islands, Spain [e.g., Jansà et al., 2007] , the Black Sea [Vilibić et al., 2010] , the western coast of Japan [e.g., Hibiya and Kajiura, 1982] , Florida, U.S. [Paxton and Sobien, 1998 ]. For a comprehensive list of more locations refer to Monserrat et al. [2006] . Alike to tsunamis, these waves can be highly destructive and induce great damage [e.g., Vučetić et al., 2009; Jansà et al., 2007] and even result in a loss of human lives [Hibiya and Kajiura, 1982] . Due to their destructiveness and atmospheric origin these events are often called meteotsunamis .
[3] The common generation mechanism can be described as follows [e.g., Monserrat et al., 2006] : (i) a pronounced air pressure disturbance is generated in the atmosphere: this disturbance is characterized by a relative longevity (at least one to two hours) and by an abrupt air pressure change of at least 2-4 hPa over 5-10 min; (ii) the air pressure disturbance transverses the open sea and resonantly transfers its energy to long-period sea waves: long period sea waves can be multiplied up to 5 times when compared to an air pressure change, thus resulting with sea waves of 10 to 20 cm wave heights; (iii) long period sea waves reach bays where they induce destructive seiches with wave heights of more than 6 m, and associated currents of several meters per second. Overall, an initial atmospheric pressure disturbance of as little as 3 hPa pressure change can result in a 300 cm high wave. When compared to the inverse barometric effect where one 1 hPa of air pressure change corresponds to 1 cm of sea level change, this is multiplication of about 100 times.
[4] While the first step of generation mechanism is atmospherically conditioned, the second and third steps are strongly dependant on topographic properties, former more on the sea bathymetry and latter more on the characteristics of a coastline [Monserrat et al., 1998 ]. Let's first discuss the second step: the most common way of energy transfer between an air pressure disturbance and open sea waves is 1 the Proudman resonance [Proudman, 1929] . The Proudman resonance occurs when an air pressure disturbance transverses the sea of uniform of slowly changing depth. For the Proudman resonance to occur, an air pressure disturbance should propagate with a speed U which is equal to or close to a speed of barotropic sea waves c. Here, c = ffiffiffiffiffiffi ffi gH p -where g is gravity acceleration and H is the sea depth. Theoretically, if there is matching between these two speeds over a sea of infinite horizontal dimensions, height of sea level oscillations Dz should go to infinity according to:
where D z is a sea level change due to inverse barometric effect (1 cm per 1 hPa). In real cases however, width of shelves over which air pressure disturbances propagate are limited, and their depths at least somewhat changeable, so real multiplication jDz/D zj is limited and has been observed and numerically modeled to reach a value of 5 [Hibiya and Kajiura, 1982; Vilibić, 2008] .
[5] As for the third step of generation mechanism, it occurs when atmospherically generated open sea waves hit bays which are prone to strong seiche activity, i.e., which have large top-to-mouth amplification factor [Rabinovich, 2009] . Such bays are usually rather elongated and narrow and very shallow at the closed end . If incoming sea waves have a significant energy at a seiche period of such a bay, seiches in the bay can be enhanced to destructive heights.
[6] A look at the Adriatic Sea bathymetry map (Figure 1 ) reveals that the northern Adriatic is characterized by a shallow shelf of a slowly varying depths (with a maximum depth of $80 m), while the rest of the Adriatic is characterized by steeper bathymetry and higher depths. Thus -providing there is a similar chance for occurrence of pronounced air pressure disturbances -the Proudman resonance and generation of open sea wave should more readily occur over the northern Adriatic. However, it is in the middle Adriatic that the strongest meteotsunami events have been observed [Vilibić and Šepić, 2009] ; this is because there are a number of bays in which strong seiches can be induced in the middle Adriatic.
[7] It is interesting however that one of the first instances in which observed strong sea level oscillations were explained by atmospheric pressure disturbance was the event of a 100 cm high sea level oscillation recorded at the Trieste tide gauge in the northern Adriatic in 1933 [Caloi, 1938] .
[8] Focus of this paper is on the northern Adriatic and thus on the first two steps of generation mechanism: (i) pronounced air pressure disturbances and analysis of synoptic conditions favorable for their occurrence, and (ii) a connection between atmospheric pressure disturbances and sea level oscillations and the Proudman resonance. For a purpose of our study we've examined 55 yearlong tide gauge records from Rovinj ( Figure 1) and identified strong sea level oscillations which could be linked to atmospheric forcing. The Rovinj tide gauge is particularly favorable for a study of the Proudman resonance as it is placed on the open coastline (and not inside a harbor or a bay) and does thus not record any seiche activity over tsunami periods, allowing us to examine multiplication of sea level oscillations only due to shelf effects. Some insight in a possible seiche activity due to atmospheric pressure disturbances is obtained by examination of tide gauge records from Trieste which is located at the closed end of the Gulf of Trieste (Figure 1 ).
[9] The paper is organized as follows: in section 2 available data and used methodology are presented; in section 3 main characteristics of the strong tsunami like sea level oscillations recorded at the Rovinj and Trieste tide gauges are analyzed; in section 4 atmospheric data is studied; in section 5 a link between sea level oscillations and atmospheric pressure disturbances is established; in section 6, synoptic conditions favorable for occurrence of events are studied and a typical synoptic setting is recognized; in section 7.1 generation of sea waves by the Proudman resonance is discussed, and in section 7.2 it is discussed whether it is possible to forecast tsunami-like sea level oscillations from synoptic conditions.
Material and Methods
[10] Multidecadal tide gauge records from the northern Adriatic station Rovinj (Figure 1 ), float-type tide gauge positioned in concrete stilling well, reveal occasional occurrence of pronounced tsunami like waves with waveheights higher than 25 cm and with periods ranging from 20 to 150 min. We've identified 16 such events by visual inspection of sea level charts in the period 1955-2010. The selected weekly charts recorded with an analog tide gauge were digitized with 2-min time step and 2-mm precision in determination of sea level height. For the last identified Figure 1 . Map of the northern Adriatic showing positions of the Rovinj and Trieste tide gauges (red squares) and of the Pazin, Poreč (Po), Pula (Pu), Rijeka (Ri), Rijeka Airport (RiA), Crikvenica (Cr), Senj (Se), and Mali Lošinj (ML) meteorological stations (blue circles). Position of the Udine sounding station is marked with circle as well, while blue arrows point to position of the San Pietro (half a degree to the west) and Zadar (quarter of a degree to the east) sounding stations. event, the 15 August 2008 one, 1-min digital sea level data with accuracy of 1 mm were available. For selected events we've also examined available hourly time series from the Trieste tide gauge (at the top of the Gulf of Trieste, 65 km to the north of Rovinj, Figure 1 ).
[11] Following analyses of sea level data were done: (i) filtering with Kaiser-Bessel window [Emery and Thomson, 2001] ; (ii) spectral analysis and (iii) wavelet analysis. Wavelet analysis is a commonly used technique for analyzing localized variations of power within time series. It decomposes a time series into time-frequency space, thus enabling determination of both the dominant modes of variability and of how those modes vary in times [Torrence and Compo, 1998 ]. As the wavelet base function we've used Morlet, which is often used in analyzing geophysical data.
[12] We've selected five strongest events of sea level oscillations (the 12 August 1960, the 4 July 1965, the 30 October 1976, the 4 September 1992, and the 15 August 2008 events) and analyzed available atmospheric data related to those events in more details. For selected events, we've obtained weekly barogram charts from all available Croatian northern Adriatic meteorological stations (including stations of Rovinj, Pazin, Mali Lošinj, Poreč, Pula, Rijeka town, Rijeka airport, Crikvenica, Rab, Senj ( Figure 1) ; not all stations are available during all events), visually inspected them for pronounced air pressure oscillations and digitized with 2-min time step. Available barogram charts were of varying quality, with newer data tending to be of higher resolution than the older data. Exact timing of weekly charts (and thus of events) is problematic as time of chart placement and removal is often not written. Kaiser-Bessel filtering and spectral and wavelet analyses were applied to air pressure time series. In addition, we've estimated velocities of air pressure oscillations from available data with an isochronal method described by Thomson et al. [2009] . The method is based on the least square method which takes into account arrival times of air pressure disturbances to stations and distances among stations. We've further examined daily meteorological logs from the Rovinj, Pula and Pazin meteorological station. Among the rest, these logs contain useful information on daily meteorological phenomena. Satellite images from Meteosat satellites, acquired from EUMET-SAT (European Organisation for the Exploitation of Meteorological Satellites) archive were examined to check for presence of convective systems.
[13] Final part of the presented analyses is determination of synoptic conditions characteristic for the northern Adriatic meteotsunamis. To check for the characteristic conditions, we've examined surface and upper level synoptic reanalysis charts during the 16 studied events. Reanalysis data came from the NCEP/NCAR (National Centers for Environmental Prediction/ National Center for Atmospheric Research) (resolution: 2.5 Â 2.5°). We've analyzed mean sea level pressure, temperature at the 850 hPa level and wind at the 500 hPa level. For each event and for each field separately we've extracted reanalysis fields at the time closest to the time of the event and then estimated means of all events. To remove influence of seasonal signal from the analyses we've further done the following: (i) for each event (again at the time closest to the time of the event) we've subtracted a climatological monthly mean of selected variable field (climatological monthly mean obtained over period from the event field, thus obtaining event anomaly field; (ii) we've estimated means of all anomaly fields. For events occurring after 1974 we've additionally examined sounding data from the closest sounding stations (sounding stations include Udine, San Pietro and Zadar, Figure 1 ).
Observations of Unusual Sea Level Activity

The Rovinj Tide Gauge Records
[14] Main characteristics of all analyzed events as recorded at the Rovinj tide gauge are summarized in Table 1 . Maximum recorded wave heights range from 28 to 60 cm, with a mean of 40 cm. Periods of the waves with maximum wave height range from 24 to 148 min, with a mean of 77 min. Events last from 1 h (corresponding to just one strong oscillation and fast decay of subsequent oscillations) to 48 h with a 13 h mean. Here, duration of an event is defined as a time in which a wave height of oscillations is above a chosen threshold value of 10 cm, following a similar criterion by Rabinovich and Monserrat [1996] . Most of the events (14 out of 16) are characterized by a single pronounced wave followed by a train of smaller amplitude long period waves. Waves following the highest one have one half of the highest wave's amplitude at the most, but usually not more than one third or one quarter, indicating an absence of their coastal trapping and amplification [Vennell, 2010] . On an occasion a main wave is, in an addition to being followed by a train of waves, also preceded by smalleramplitude long period waves (4 events). More rarely, no pronounced oscillations precede or follow a main wave (2 events). A number of oscillations preceding and following a main wave ranges from none to more than 20.
[15] As examples, three events are shown in Figure 2: (1) the 13 June 1955 event, during which there was just one pronounced wave ( Figure 2a) ; (2) the 30 October 1976 event, during which the main wave was preceded and followed by a train of waves ( Figure 2b) ; and (3) the 4 September 1992 event, during which the main wave was followed but not preceded by a train of waves (Figure 2c ). Comparison of original (tides included) and high-pass Figure 3 : (i) during the 13 June 1955 event no sea level oscillations with wave heights above 10 cm were recorded in Trieste ( Figure 3a) ; (ii) during the 30 October 1976 event several oscillations of comparable wave height were recorded in a 24 h period (Figure 3b ), (iii) the final 4 September 1992 event is characterized by one strong oscillations which dominates both original and residual series and which is followed by a train of smaller amplitude oscillations for a period of about 20 h (Figure 3c ). Events of the 30 October 1976 and of the 4 September 1992 show similar characteristics in Trieste and Rovinj: the former is characterized by weaker oscillations preceding and following the strongest one (although there are several strong oscillations in Trieste versus only one in Rovinj), and the latter by one strong oscillations on the beginning of the event and a series of weaker oscillations following it.
[17] Main characteristics of the Trieste events are given in Table 2 . Oscillations recorded in Trieste have maximum wave heights of 13 to 58 cm which is comparable to wave heights recorded in Rovinj. However, as we only have hourly tide gauge records available for the Trieste station, it is highly likely that maximum wave-heights are largely underestimated. Tsimplis et al. [2009] found a discrepancy of up to 15 cm between 5-min and 60-min resolution annual extremes at Trieste which are usually occurring in autumn/ winter and therefore not incorporating the strongest tsunamilike oscillations, implying that the discrepancy between waves sampled with 2-min and 60-min resolution may be larger during the analyzed tsunami-like events. On the other [18] Oscillations recorded in Trieste differ from oscillations recorded in Rovinj in their (i) period, (ii) duration and in (iii) the height of oscillations following a main one: (i) oscillations recorded in Trieste had longer periods than oscillations recorded in Rovinj: periods ranged from 3 to 4.5 h and most of the events were characterized by oscillations with a period of 3.6-3.8 h -here we've estimated periods as duration of event divided by a number of recorded oscillations; (ii) oscillations in Trieste during all but two events lasted longer than those recorded in Rovinj, from just a few hours to up to 30 times longer; (iii) during an event there were often several strong oscillations with comparable wave heights at Trieste (as opposed to only one very strong oscillation in Rovinj).
[ . We've also done spectral analysis of several one yearlong segments of hourly sea level time series from Trieste and found two broad spectral peaks at sub-tidal periods, one centered at 5.2 h and the other at 3.8 h, close to a 3.6-3.8 h periods we've obtained from analyses of events.
Source of Unusual Sea Level Activity
Atmospheric Pressure Ground Observations
[20] Recorded events have a seasonal and daily signal ( Figure 4 ): events start in late spring or early summer (3 events recorded in June), peak in July and August (5 events recorded in each of the months) and gradually calm down through late summer and autumn (1 event recorded in each: September, October and November). Furthermore, most of the oscillations occur in the late afternoon and night hours. Seasonal and daily changes of event distribution indicate that the observed events are related to atmospheric conditions and processes.
[21] As stated in the Introduction, the most likely atmospheric source of tsunami-like sea waves, like the ones recorded in Rovinj, are pronounced atmospheric pressure oscillations characterized by a sudden change of air pressure of 2 to 4 hPa over a few minutes [Hibiya and Kajiura, 1982; Jansà et al., 2007; Šepić et al., 2009a] . To check whether the same is true for the northern Adriatic, we've selected five strong events and checked for atmospheric pressure oscillations. Four events with highest recorded oscillations (as recorded in Rovinj) were selected: the 12 August 1960 event with a maximum wave height of 60 cm; the 4 July 1965 event with a maximum wave height of 51 cm, the 30 October 1976 event with a maximum wave height of 57 cm, and the 4 September 1992 event with a maximum wave height of 52 cm. In addition, the fifth, 15 August 2008 event, was selected as it was characterized not only by a pronounced wave at Rovinj (wave height of 40 cm), but also by flooding of the northern Adriatic town of Mali Lošinj [Belušić and Strelec Mahović, 2009; Vilibić and Šepić, 2009] . During this event Mali Lošinj (on the island of Lošinj, 90 km to the southeast of Rovinj - Figure 1 ) was flooded by long period waves with heights above 3 m.
[22] During all of the events pronounced air pressure oscillations (more than 2 hPa over 5-40 min) were recorded on all of the northern Adriatic stations for which we had data. Amplitudes and periods of recorded air pressure oscillations are given in Table 3 . During all of the events, maximum recorded 10-min rate of air pressure change was between 2 and 4 hPa on at least one of the stations. This is a value comparable to the ones found at the other Adriatic, Mediterranean and worldwide locations where similar long period sea level oscillations generated by air pressure oscillations have been recorded [e.g., Hibiya and Kajiura, 1982; Jansà et al., 2007; Šepić et al., 2009a] .
[23] It is interesting that, even during the same event, air pressure oscillations have different character at different stations. The heights and duration of oscillations significantly varied from station to station. For example, during the 4 September 1992 event an air pressure change of 3.8 hPa over 4 min was recorded in Mali Lošinj, as opposed to an air pressure change of just 1.5 hPa over 46 min recorded at Pula. Although such differences can be a result of a discussed difference in quality and sensitivity of air pressure recording devices, they can also be a result of a high changeability of air pressure disturbances in time and of limited dimensions of air pressure disturbances in a cross-propagation direction, with a maximum rate of air pressure change restricted to a narrow several tens of km wide band [Šepić et al., 2009a; Vilibić et al., 2010] .
[24] Figure 5 shows original and high-pass filtered (with a 4-h Kaiser-Bessel window) air pressure time series from one of the meteorological stations during each of the five events. For each event, air pressure series from the station at which the strongest rate of air pressure change was recorded are shown. Air pressure oscillations are clearly visible in both filtered and original time series. Oscillations recorded during different events show different features, e.g., the 13 August 1960 event is characterized by one strong oscillation (Figure 5a ), the 4 July 1965 event by two oscillations of which the first one is stronger (Figure 5b) , and the 15 August 2008 event by two stronger and several weaker oscillations of different duration and strength (Figure 5e ). Furthermore, four of the events are dominated by a sharp air pressure rise and just one, the 12 August 1960 event, by a sharp air pressure drop. Original time series are dominated by daily air pressure changes and reveal that all of the five studied events occurred during an air pressure minimum.
[25] High-pass filtered (4-h) air pressure time series from Pula and Rijeka (aside for the 30 October 1976 event for which air pressure series from the Rijeka airport are taken) and high-pass filtered (4-h) sea level time series from Rovinj during the 5 selected events are shown in Figure 6 . Two important points can be made: (i) sea level oscillations occur at the approximately same time as air pressure oscillationsparticularly interesting are the 4 July 1992 and the 15 August 2008 events: during each of the events two pronounced oscillations are visible in both air pressure and sea level time series; (ii) when compared to inverse barometric effect (where 1 hPa of air pressure change corresponds roughly to 1 cm of sea level change), response of sea level to air pressure oscillations during the selected events is at least 10-times bigger. For example, air pressure change of 3.2 hPa during the 12 August 1960 event generated sea level oscillations with maximum wave height of 60 cm, thus air pressure change was multiplied in the sea approximately 20 times. Coincidence of air pressure and sea level oscillations gives us strong faith in hypothesis that observed sea level oscillations were generated by air pressure disturbances and multiplication of oscillations in the sea indicates a resonant effect. The resonant effect will be further discussed in sections 5.1 and 7.
Source of Atmospheric Pressure Oscillations
[26] Long-living air pressure disturbances, like the ones recorded over the northern Adriatic during the five studied events, are usually associated with atmospheric gravity waves which are either maintained by wave duct [Monserrat and Thorpe, 1992; Jansà et al., 2007; Šepić et al., 2009a] or by wave-CISK (Conditional Instability of Second Kind) mechanisms [Belušić et al., 2007] . Without getting into much detail here, we'll say that for a wave-duct to occur atmosphere has to have a specific vertical profile, including an instability layer at the mid-troposphere levels that keeps the disturbance energy close to the ground, whereas for wave-CISK to occur convective activity is necessary: gravity-wave associated convergences forces moist convection, and moist convection provides energy for the gravity wave.
[27] Daily observational logs from the Rovinj, Pula and Pazin meteorological station reveal that convective clouds (rain and thunderstorms reported in logs) were observed over the northern Adriatic area during the five studied events. This provides a strong indication that all of the studied events are related to convective processes. Daily meteorological logs of 4 July 1965 and of 4 September 1992 place thunderstorm activity at the time of events (or shortly before), while for three other events exact timing of thunderstorm activity is not written in daily logs, so we cannot undoubtedly confirm the link between convection and air pressure disturbances in this way.
[28] However, satellite images might help us to resolve the issue. For the 15 August 2008 [Belušić and Strelec Mahović, 2009, Figure 9 ] and for the 4 September 1992 events satellite images show convective clouds over the northern Adriatic area during the events (Figure 7) . The link between the 15 August 2008 air pressure disturbance and a convective cloud propagating over the area was already confirmed by Belušić and Strelec Mahović [2009] . Three other events which were studied in more details occurred too far in the past to be covered by satellite measurements. We have however additionally examined satellite images taken on dates of three weaker events which occurred after 1990 (17 August 1994 [29] Associating meteotsunami events with convective clouds might explain observed seasonal and daily distribution of events. Studies show that thunderstorm activity (and thus deep convection) over the northern Adriatic is strongest from April to October with maximum of activity from June to August [Zaninović et al., 2008] . Furthermore, Mikuš et al. [2012] recently showed that the northern Adriatic thunderstorm activity peaks in the afternoon hours (from 13 to 22 local time) with minimum of activity in night and morning hours (for April to October). Both seasonal and daily distribution of thunderstorm activity reasonably agrees with distribution of observed events of strong sea level oscillations (Figure 4 ). Yet, there are thunderstorms over the northern Adriatic in winter as well, but apparently no events of strong sea level oscillations. This might be due to the sea surface temperature. Belušić et al. [2007] showed (numerically modeled) that an air pressure disturbance responsible for the 2003 middle Adriatic meteotsunami was in fact an atmospheric gravity wave coupled with a convective cloud through wave-CISK mechanism and that a prolonged convective activity over the Adriatic was supported by potential instability which developed over a very warm sea surface. pressure change. Such an extreme change can only be explained by a resonant effect. The most likely resonant process occurring over the northern Adriatic is the Proudman resonance. Hibiya and Kajiura [1982] made a simple estimate of Proudman amplification over a shelf which has limited dimensions and a slowly varying depth. If a speed of an air pressure disturbance is close to a resonant speed, the final height of sea level oscillations Dz is given by the following expression:
Link Between
where D z is a sea level change due to the inverse barometric effect, L 1 is a width of an air pressure disturbance in it's direction of propagation and x f is a distance traveled by an air pressure disturbance over a shelf. Assuming the most favorable observed case for the northern Adriatic: for an air pressure disturbance of 3 hPa (similar to observed values) and a width W of 12 km (here W = U*T, where U is a propagation speed of an air pressure disturbance, 20 m/s, and T its period, 10 min) which comes from the southwest (propagating for 110 km over the sea of uniform 40 m depths), expected sea level response due to Proudman resonance amounts to 14 cm.
[31] This is in accordance with theoretical estimates and numerical simulations done by Hibiya and Kajiura [1982] where Proudman amplification factor jDz/D zj over 300 km distance is estimated to be $4, and with numerical simulations by Vilibić [2008] where the same factor over 300 km distance is estimated to be $5. Yet, amplification factors during the herein studied events reach values of 15 to 22 (Table 4) . Assuming a resonant speed of observed air pressure disturbances, one possible explanation for such a discrepancy lies in additional strengthening of sea level oscillations over a steep bottom rise in front of Rovinj (an issue to be resolved by numerical modeling). An underestimation of pressure gradient (3 hPa/10 min) can also be a reason for the discrepancy, as the strongest meteotsunami events can have the gradient as strong as 2.5 hPa/5 min . A wind disturbance which is often found to follow an air pressure disturbance might also effect sea level elevation, especially over shallower areas. Orlić et al. [2010] showed that over coastal areas where depths are of O (10 m) wind-forcing might be as important as air pressure forcing. Unfortunately, we have no high resolution wind measurements which would allow us to examine surface wind during the events. However, this is something that can be resolved with numerical modeling which we plan to pursue in future.
[32] As seen from Figure 1 , depths to the west of Rovinj slowly change (with maximum values of 35-40 m), are uniform to the southwest (average depth is approximately 40 m up to 40 km from Italy, when it starts to slowly decrease), and have the highest rate of change to the south (depths reach up to 70 m). However, in a radius of approximately 50 km from Rovinj, aside for the initial steep drop ($40 m over a few km), depths are rather slowly changing in all directions (ranging from 35 to 45 m). Thus, it's likely for the Proudman resonance to occur over the northern Adriatic when an air pressure disturbance transverses the open sea with a speed of 18-21 m/s.
[33] Values of velocities of air pressure disturbances obtained with an isochronal method [Thomson et al., 2009] are given in Table 4 . Some discrepancies from resonant velocity are obvious: (i) aside for the 15 August 2008 event, estimated speeds are much higher than resonant speeds (from 26 to 35 m/s); (ii) the disturbance of 4 July 1965 apparently came from the east, that is from the Istrian peninsula, thus not being able to generate waves which propagate toward Rovinj (waves generated by a westward moving disturbance should dominantly propagate westward toward Italian coast). These discrepancies are further analyzed in section 7.
Spectral Analysis
[34] To further confirm the link between atmospheric pressure and sea level oscillations, it is useful to do spectral analysis [e.g., Rabinovich and Monserrat, 1996] . As an example, we'll show spectra of two events: the 4 July 1965 event and the 4 September 1992 event. Spectra of event and background oscillations of high-pass filtered (4-h) air pressure time series measured at Rijeka and of high-pass filtered sea level time series measured at Rovinj (4-h filter) and Trieste (8-h filter) are shown in Figure 8 . Sea level and air pressure background spectra for Rijeka and Rovinj are determined from a two day calm period, and event spectra from a two day event-centered period. Sea level spectra for Trieste are determined from 14-day periods, one centered on a calm period and the other on the event. We had to take longer time intervals to study Trieste spectra as we only had hourly time series for Trieste, as opposed to 2-min time series for Rijeka and Rovinj, not allowing us a good insight into Trieste spectra from a 2-day interval. Furthermore, once generated, sea level oscillations last much longer in Trieste than in Rovinj and it's thus justified to use longer time series to examine events in Trieste.
[35] All spectra show a few common characteristics: (i) energy decays as frequencies increase; (ii) energies are much higher during the events than during the calm background periods; (iii) there are no pronounced energy peaks in spectra. Described characteristics of event spectra are typical for atmospheric pressure and for open sea spectra during events of intense air pressure and sea level oscillations characterized by one strong oscillation or by a series of oscillations with no dominant period [e.g., Rabinovich and Monserrat, 1996] . Oppositely, if seiches were generated, one would expect a spectrum of sea level oscillations to have pronounced energy peaks at the seiche periods. In section 3.2 we've speculated that oscillations recorded in Trieste are in fact seiches or combination of seiches and open sea waves. Trieste event and background spectra show a rather broad energy increase centered on period of about 3.8 h, which might indicate seiche activity. A broadness of the increase might be due to Trieste seiches not having one dominant period but rather being spread over a range of periods (2.7-4.2 h [Cushmain-Roisin et al., 2001] ).
[36] To better understand energy changes in time, we've further estimated wavelet spectra of selected air pressure and sea level time series. Wavelet spectra of sea level at Rovinj and Trieste and of air pressure at Rijeka for the 4 July 1965 and for the 4 September 1992 event are shown in Figure 9 . First thing that can be noticed is that the sea level spectra have two continuous maxima at tidal periods of about 12 and 24 h (marked with dashed lines in Figure 9 ) with maximum spectral power of 10 4 cm 2 min. Aside for tidal oscillation, the air pressure spectra and the sea level spectra are very similar. Let's first compare the Rijeka air pressure and the Rovinj sea level spectra. All of the energy peaks visible in the Rijeka air pressure spectra are visible in the Rovinj sea level spectra. This is valid for a multitude of relatively narrow peaks of the 2nd-5th July 1965 and for the broader peak of the 4-6 September 1992. In addition to occurring at the same time, these peaks have similar widths and are present at similar periods. For instance, a pronounced spectral peak of 2 July 1965 is evident at a 3 h period of both air pressure and sea level spectra. Peaks of 3rd-5th July 1965 have a uniform strength over a range of periods (4 min to 6 h) both in atmospheric and sea level spectra. During the 4-6 September 1992 spectral maxima covers range of periods from 4 min to 8 h with air pressure energy maxima centered at 1.5 h and at 7 h and sea level energy maxima found between 1.5 and 4 h and at 6-7 h. During the studied period, maximum spectral power of Rijeka air pressure reaches 10 1 hPa 2 min, as opposed to maximum spectral power of 10 4 cm 2 min of Rovinj sea level indicating significant enhancement of sea level oscillations when compared to air pressure oscillations.
[37] Likewise, lower energies of the Rijeka air pressure spectra correspond to the lower energies of Rovinj sea level spectra. Observed matching of low and high activity periods between the two spectra indicate that the sea level response at Rovinj at periods between 4 min and 1 day, aside for the tides, was dominantly influenced by the atmospheric pressure changes during the examined time intervals. We reach similar conclusion when we compare the Rijeka air pressure and the Trieste sea level spectra. Here, we can only compare periods longer than 120 min, as for the Trieste tide gauge we only had hourly values of sea level. Still, it's visible that, during both of the studied time intervals, increase (decrease) of energy in the Rijeka air pressure spectra corresponds to increase (decrease) of energy in the Trieste sea level spectra. Thus, the Trieste sea level response was also dominantly influenced by air pressure oscillations during the examined periods. As opposed to uniform energy increases of the Rijeka air pressure and of the Rovinj sea level spectra, energy increases of the Trieste sea level are more focused around certain periods, in particular around 4 h and 5.3 h which are both close to period of spectral maxima we've previously identified from time series. Again, this implies seiche activity in Trieste during the events. We can also notice, and especially from the Rovinj spectra, that energy of the strongest sea level oscillations is comparable to the tidal energy ($10 4 cm 2 min).
Synoptic Setting of the Events
[38] A summer distribution of studied events suggests that there are specific synoptic conditions during which occurrence of air pressure disturbances able to generate long sea waves is more likely. To check for these conditions, we've examined surface and upper level synoptic reanalysis charts during the 16 studied events.
[39] Visual inspection of event related data and review of literature dealing with the worldwide, and in particular with the Mediterranean events of similar characteristics, further suggest that there are typical synoptic conditions leading to pronounced air pressure oscillations which can further lead to long-period sea waves like the ones observed [Monserrat et al., 1991; Jansà et al., 2007; Šepić et al., 2009b; Vilibić and Šepić, 2009] . These conditions are best visible in surface air pressure charts, 850 hPa level temperature and Figure 9 . Wavelet spectra of air pressure and sea level during the (a) July 1965 and (b) September 1992 events. From top to bottom: air pressure wavelet spectra at Rijeka, and sea level wavelet spectra at Rovinj and Trieste. Due to different placement times of weekly charts x-axes of air pressure and sea level wavelet spectra are not the same. Dashed lines in the sea level spectra plots mark the semi-diurnal and diurnal tidal periods. Shaded areas cover cones of influence; data within cones of influence are less reliable. 500 hPa level wind charts. We've estimated means of these fields (obtained from NCEP/NCAR reanalysis data) during the 16 studied events (Figure 10a ).
[40] Sea level air pressure mean reveals that a low pressure minimum is typically centered over the northern Adriatic during the events. This is in accordance with our finding (noted in section 4.1) that all of the five events for which we examined air pressure time series occurred during a low pressure period. This is also recognized as a synoptic setting which strongly favors convective activity over the northern Adriatic [Mikuš et al., 2012] . The northern Adriatic Low is a part of a low pressure system placed over most of the central Europe. At the same time a strong Azores High spreads over the Atlantic. Mean of temperature at 850 hPa level reveals a Figure 10 . (a) From top to bottom: mean fields of mean sea level pressure, temperature at 850 hPa level, and wind at 500 hPa level, as estimated from all of the events. (b) From top to bottom: mean anomaly fields of sea level pressure, temperature at 850 hPa level, and wind at 500 hPa level, as estimated from all of the events.
pronounced temperature front which separates warm air originating from Africa from the colder northern European air. This front has a southwest-northeast direction and is placed over the Western Mediterranean and the middle and the north Adriatic. Finally, mean of wind distribution at 500 hPa shows presence of a strong jet stream over the Western Mediterranean and the Adriatic with southwestern winds blowing over the northern Adriatic.
[41] To remove the effect of seasonal signal, we've also estimated mean anomaly fields of selected variables, i.e., means of fields from which seasonal signal was subtracted. Mean anomaly fields clearly show which part of a synoptic situation is characteristic for a studied season and which part is characteristic for a meteotsunami event. Meteotsunami related characteristics of synoptic situations are pronounced over the western Mediterranean and the Adriatic (and in particular over the northern Adriatic). During meteotsunami Figure 11 . From top to bottom: mean sea level pressure (MSLP), temperature at a 850 hPa level and wind speed and direction at a 500 hPa level at (a) 5 July 1965 (0 UTC) and (b) 5 September 1992 (0 UTC). events, air pressure over the Western Mediterranean, the northern Adriatic and much of the Central Europe is lower than usual. Maximum of this air pressure anomaly is centered over the northern Adriatic and amounts to À11 hPa. As for temperature at 850 hPa, there is a distinct southwestnortheast temperature front placed over the Western Mediterranean, the northern Adriatic and the Central Europe. Warm air is advected northward from the Western Sahara to the east of the front (temperature anomalies reach up to 5°C), and cold air is advected southward from the northern Europe to the west of the front (with temperature anomalies reaching À4°C) . Finally, wind anomaly field at 500 hPa reveals a cyclonal circulation centered over the northwest Europe with strongest southwesterly winds blowing over the western Mediterranean and the Adriatic. Wind anomalies over the area of interest reach as much as 16 m/s.
[42] To illustrate typical synoptic conditions, the same charts (surface air pressure distribution, distribution of temperature at 850 hPa level and of wind at 500 hPa level) for two particular events, the 4 July 1965 and for the 4 September 1992 events, are shown in Figure 11 . During the July 1965 event a pressure low was centered over the northern Adriatic, while during the September 1992 event, outskirts of a pressure low system (centered over the Eastern Europe) were over the northern Adriatic. During both cases a pressure high was placed over the Western Europe and the Atlantic, spreading more into the continent during the September 1992 event. As for a temperature field at 850 hPa level, during both events a southwest-northeast temperature front was over the northern Adriatic. Wind fields at 500 hPa level reveal a presence of a strong jet stream over the northern Adriatic during the July 1965 event and over the middle Adriatic during the September 1992 event (yet with strong winds blowing over the northern Adriatic as well). During the two events wind speeds at 500 hPa level over the northern Adriatic were between 23 and 35 m/s, former during the September 1992 event, and latter during the July 1965 event. Over the northern Adriatic wind direction was southwestern during both events. We'll further discuss importance of the recognized synoptic conditions in section 7.2.
Discussion
Resonant Effects
[43] Tsunami-like sea level oscillations with wave heights higher than 25 cm and with periods longer than 20 min are on occasion recorded at the Rovinj tide gauge. These oscillations are most likely generated by pronounced atmospheric pressure disturbances characterized by an air pressure change of 2-4 hPa over 5-40 min. Atmospheric origin of these oscillations is strongly supported by: (i) simultaneous appearance of air pressure and sea level oscillations; (ii) matching of sea level and air pressure spectral properties on periods shorter than 1 day (simultaneous rises and drops of energy in spectra); (iii) seasonal distribution of events; (iv) coincidence of the events with periods of convective activity; and (v) uniformity of synoptic conditions under which events occur.
[44] We are further left to discuss discrepancies between estimated speeds of air pressure disturbances and speeds of barotropic sea waves in the northern Adriatic. As shown in 5.1, estimated speeds of air pressure disturbances range from 20 to 35 m/s, whereas speeds of barotropic sea waves in the northern Adriatic shelf range from 18 to 22 m/s.
[45] There are several possible explanations for discrepancies. First: real speeds (and directions) of air pressure disturbances might be closer to barotropic ones but, due to a low resolution and an imprecise timing of weekly barograms, we are not able to precisely estimate arrival time of air pressure oscillations to a given station. A 10 min timing error between 2 stations 10 km apart might result in doubling (or halving) of a real speed. In this sense, especially problematic might be the 30 October 1976 event for which propagation speed of air pressure disturbance was estimated from just 3 stations (resulting in the largest estimated speed of all events -35 m/s). As an opposite example: for the event of 15 August 2008 we had air pressure data from seven stations of high quality: the estimated propagation speed of 21 m/s nicely matches resonant speed and the estimated traveling direction of 90.5°is favorable for wave generation in Mali Lošinj, where strong flooding took place during the event.
[46] Reanalysis wind fields at the 500 hPa level might allow for a better velocity estimate. Air pressure disturbances able to generate strong sea level oscillations are usually advected over the sea by a jet stream, and a corresponding matching between speed and direction of an air pressure disturbance and speed and direction of a jet stream at a level of around 400-600 hPa is often found during meteotsunami events, both in the Mediterranean [Monserrat et al., 1991; Vilibić and Šepić, 2009; Vilibić et al., 2010] and at other worldwide locations like Japan [Tanaka, 2010] , British Columbia (Canada) and Washington State (U.S.) [Thomson et al., 2009] .
[47] Speeds and directions of a jet stream at 500 hPa level obtained from reanalysis charts at times closest to times of the five studied events are given in Table 4 . In four cases speeds of jet streams over the area were lower than estimated speeds of air pressure disturbances and were thus better matching resonant speeds, while in one case speed of a jet stream was higher. Jet streams came from a range of south to west directions matching expected direction of air pressure disturbances able to resonantly generate waves over the shallow northern Adriatic shelf. It should be noted here that jet streams can change their positioning and strength over an area in a few hours and that, since values we've obtained from reanalysis are often few hours off the exact timing of the events, obtained estimates of the conditions do not present an exact 500 hPa wind velocity during a given event, although presenting a good indication of it. Sounding data is a better option for estimating jet stream profile over the area, and usually also allows an insight into other meteotsunami favorable conditions. Literature indicates that vertical profiles of atmosphere over an area where significant air pressure oscillations occur are often characterized by temperature inversion in the lower 2000 m, presence of an unstable air between 4000 m (600 hPa) and 6000 m (400 hPa), and a wind maximum at approximately 5000 m (500 hPa) Thorpe, 1992, 1996; Vilibić and Šepić, 2009 ]. We were however not able to clearly identify these features from the available sounding data, either because the features were not present or because available sounding stations were not representative for processes occurring over the northern Adriatic. The Udine and San Pietro stations are placed 50 to 100 km inlands from the Adriatic sea, and the Zadar station, although on the coast, might be too far from Rovinj (160 km to the southeast) to detect specific conditions needed for development of atmospheric pressure disturbances. For instance, Renault et al. [2011] showed that the 2006 rissaga event was associated with a squall line characterized by an extension of $100 km. Vertical atmospheric profiles from too far (>100 km of the pressure disturbance track) could not in that case represent atmospheric conditions along the pressure disturbances track nor allow for precise estimation of jet stream's speed and direction. Reliable vertical atmospheric profiles associated with meteotsunamis might be obtained from mesoscale meteorological numerical modeling as was done by Šepić et al. [2009a] or Renault et al. [2011] .
[48] Finally, since we've shown that observed air pressure disturbances might be related to convective clouds, another option to determine speed and direction of these air pressure disturbances is to determine speed and direction of associated convective clouds; velocity of convective cloud should match velocity of associated air pressure disturbances. Belušić and Strelec Mahović [2009] preformed this analysis for several Adriatic meteotsunami events, including the 15 August 2008 event: for this event speed of propagation of convective cloud was estimated to be 20-22 m/s and direction to be southwesterly, agreeing reasonably well with speed estimations obtained from air pressure time series and from 500 hPa jet stream winds for that event (Table 4 ). The only other event to which we were able to apply the analysis was the 29 June 2005 event (there are no satellite data in appropriate binary file format to apply analysis to previous events). Results of analysis are shown in Figure 12 . A convective system is placed over the northern Adriatic approximately at the time of the event (21-22 UTC), and speed of convective cloud reaches values of 15-25 m/s over the northern Adriatic area thus matching velocity of barotropic sea waves.
[49] Of course, there is also a possibility that speeds of air pressure disturbances are higher than the resonant ones but still able to generate resonant oscillations on the shelf. This is to some extent supported by numerical modeling done by Vilibić [2008] , where it is shown that faster moving air pressure disturbances can generate strong long sea waves, but as a speed of an air pressure disturbance moves away from a resonant one, a height of sea level oscillations rapidly decreases, loosing resonant effect and approaching values of the inverse barometric effect for a Froude number higher than 1.3 (where Froude number F r is a ratio of speed of an air pressure disturbance U to a speed of barotropic sea waves c; Fr = U/c).
[50] To answer the questions of higher than expected speeds and of possibility for a westward moving air pressure disturbance (as estimated for the 4 July 1965 event) to generate strong sea level oscillations in Rovinj, we plan to carry out an in-depth numerical study. The study will be similar to the ones recently done by Vilibić et al. [2008] , Orlić et al. [2010] and Orfila and Simarro [2011] . A numerical barotropic model will be used to estimate a dependence of sea level response on a speed, direction and rate of air pressure change of air pressure disturbance, and to reach a better understanding of processes occurring over the shelf. Observed seiche like oscillations from the Trieste Bay and the 15 August 2008 event of flooding of Mali Lošinj allow for more detailed numerical studies of two inset areas.
Typical Synoptic Conditions and Forecast Possibilities
[51] Finally, let's discuss a possibility for forecasting long-period tsunami-like waves based on what we've learned. Characteristic synoptic conditions were recognized during all of the studied events. These conditions include a low surface air pressure, a temperature front separating the warm African from the colder northern European air at heights of around 850 hPa, and a strong jet stream at heights of around 500 hPa (Figures 10 and 11) . Similar conditions have been recognized during other tsunami-like air pressure generated sea level events in the Mediterranean including: strong Balearic meteotsunamis [Monserrat et al., 1991; Jansà et al., 2007] , strong Adriatic meteotsunamis [Šepić et al., 2009a; Vilibić and Šepić, 2009] , weaker southern Adriatic events [Šepić et al., 2009b] , the only studied Black Sea meteotsunami [Vilibić et al., 2010] , and some (although not all) of weak Malta events [Drago, 1999] . Apparently, low surface air pressure and a presence of a temperature front allow for development of instabilities and of air pressure disturbances (presumably related to convective activity clouds) which are further advected over the sea by a jet stream.
[52] To check whether recognized synoptic conditions can be used for forecasting of long-period sea level oscillations, we've compared time series of characteristic atmospheric variables with sea levels recorded in Rovinj during August 2008. Atmospheric time series come from the NCEP/NCAR reanalysis point which is closest to Rovinj. The characteristic conditions, when observed at a single point, include: arrival of a temperature front, a presence of a strong jet stream in upper levels with wind speeds reaching 20-30 m/s and wind directions from southern to western at around 500 hPa level, and a presence of a low surface air pressure. Three time intervals during the August 2008 were characterized by favorable atmospheric conditions (Figure 13 ): the 8-10 August, the 15-16 August, and the 23-24 August. Tsunami-like sea level oscillations were recorded at Rovinj during these time intervals as well: very strong sea level oscillations on the August 9th and on the August 15th (that's one of the studied events) and weaker but still evident oscillations on the October 24th. At no other time in August 2008 were either characteristic synoptic conditions observed over Rovinj or were long-period sea level oscillations recorded in Rovinj.
[53] Whereas analysis of synoptic conditions during the strongest sea level events indicates that these events all occur under similar synoptic conditions, analysis of one month simultaneous series of atmospheric variables and of Rovinj sea levels indicates that when these synoptic conditions are present, generation of long period sea waves is likely. However, no conclusion on strength of these sea level events can be reached from synoptic conditions only. Similar conclusion was reached by Šepić et al. [2009b] ; their study of long period sea waves recorded in the southern Adriatic led them to conclusion that under favorable synoptic conditions long period sea waves are more likely to happen than to not, but again without any clear indication on strength of events. Similarly, the only operational meteotsunami forecasting system, "rissaga" warning system at the Balearic Islands [Jansà et al., 2007] , is issuing qualitative warnings based on synoptic conditions up to a few days ahead, but is as well not useful for predicting strength of events: there are more alarms issued than there are strong meteotsunamis. Thus, in spite of an issued "rissaga" warning, the public caution might be low and a lot of damage can occur, as was the case on 15 June 2006, when a strong meteotsunami caused the damage of a ten of MEuro [Jansà et al., 2007] .
[54] A better understanding on strength of events might yet come from the atmosphere, but from its local properties which are not easily distinguishable by a coarse resolution and smoothed reanalysis data. A daily distribution of events, with higher tendency of their appearance in the afternoon and evening hours (Figure 4) , as well as observed coincidence of the Adriatic events with thunderstorm clouds [Belušić and Strelec Mahović, 2009] point to mesoscale atmospheric processes which are necessary for development of strong air pressure oscillations. Although Renault et al. [2011] recently successfully reproduced atmospheric and oceanic feature of the 2006 Balearic meteotsunami event, the research of meteotsunami events by using mesoscale meteorological and high-resolution oceanographic models is still at its beginnings, and probably will not be useful for operational forecasts in a near future.
